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ABSTRACT

The pr.mary purpose of this report is to present analytical tech-

niques for the prediction of instantaneous parachute temperatures for

any prescribed flight condition and history of operation. Sample calcu-

lations are presented which illustrate the technique by comparing measured

parachute temperature histories with several predictive techniques. A

variety of exact, transient heat conduction solutions are included (for

a cylindrical geometry) which cover a range of trajectory possibilities.

This was done because the transfer of !,eat to a conventional fabric or

coated-fabric parachute is governed primarily by the large resistance

to heat conduction into the Interior. The commonly used infinite thermal

conductivity case is shown tr produce surface temperatures which fall con-

siderably below the surface temperatures predicted by more exact (complete)

energy balances. For the extreme applied heat fiu case (atmospheric en-

try), internal temperatures ar.. accurately predicted by assuming the wall

temperature instantaneously assumes a steady state, radiation equilibrium

value (qw - 0) and internal conduction governs the process. An approxi-

mate method Is presented for the calculation of parachute fabric tempera--

tures when both the internal and external resistances to the flow of keat

are of importance. The results are compared with flight test data on a

full-scale parachute.

Mhe dirtribittion of this Abstract is unlimited.
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FOREWORD

This report summarizes the work done by the Heat Transfer Labora-
tory, Department of Mechanical Engineering, University of Minnesota,

during a research program sponsored by the Recovery ano Lrew StaLiu.-
Dr--' of 4 A- vorce Flight 'v)nami's Laboratory under Contract AF33615-
67-1028, Project No. 6065, Tasi- ro. oub50. The manuscript was reie•.
by the author November 1967 for publication as a Technical Report. The

contract's technical project monitor was C. A. Babish III ot the Air

Force Flight Dynamics Laboratory (FDFR). E. R. C. Eckert served as prin-

cipal investigator of the contract at the University of Minnesota. The

report covers work conducted from August 1966 through September 1967.

This technical report has been reviewed and is approved.

GEORGE A. SOLT, JR.
Chief, Recovery & Cr{. Station Branch
Vehicle Equipment Div sion
AF Flight Dynamics LaLoratory
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t is -we l known t I a Lby ;it, icrodxc.aiui c c t;t..,, k.f fe L t weil -1 e.s

f[i\lug iat •lkporSOc.ie' C speeds are heated t '-uch anl o×t et hati tic sk;kin)

umpe rat ures a id the t empe rat ur es ins " di tiit f t req u I re t hI I e i c

attention of the des igner. In addition, a grewing interest tic :ircizaft

vthicle recovery operations has directed attention eo a vatriety of do-

celeration devices. In many cases a sizeable portion of the initial kinetic-

energy of the primary or fornbody is converted into an increase in in-

ternal energy of the retardation device--and the aerodynamic heat trans-

fer of the deceleration device becomes a design factor.

Aerodynamic deceleratcors must possess a large drag-to-weight ratio

and normally must be capable of being stored in a s.mall volume. There-

fore, most drag-producing devices are relatively thin and flex:ible. Towed

decelerators such as ribbon or hyperflo parachutes, balloons, bhllutes,

etc., have flexible caonrpies. Other proposals iLaorporate structural

members (cones or paragliders) or hybrid systems such as the AVCO drag

brake (i)* and the NASA rotornet (2).

Impermeable retardation devices are aerodynamically unstable when

utilized in a supersonic flow. As a res;ult, nearly all tue retardation

devices discussed above employ extended porous surfacts 'n conjunction

Wit h Other voent itg t-chniques (see Figure 1). Most convtiirt icual text 12 e

I Ihbors eitl er ricelt or alto s'oerion sly degraded by cxpos,ýcc to ttmper;itures i b ve

10 0t'F. It is desirable to repia.0 tUlitse iibeihs wi ti mathrials of higher

*Nuricb ers enclos-ed by paoreonth hbes r:?ter to rent os
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thermal durability such as fine metallic wires in which operationaJ

temperatures are close to 2000'F.

It Si..- felt that f-•r the k.)urpose of analysis the flow field assaci-ted

With a porous retardatio:; devitce includes large-scale phenomena enveloping

the entire device and smalL-scale processes associated with the local flow

.about a si.ngle element in the mesh materilal Itself. The large-scale

phenomena, such as parachute shape or size and the velocity and altitude,

involve the external aerodynamics of the problem and contlibute the end

or boundary conditions (such as pressure ratio or Reynolds nursber) to the

small-scale phenomena.

The mesh ejement geometry under cone ideration is a porous weave

consisting of individual round wire filaments, Wir>i tunnel. (3) and free-

flight tests (4) of ribbon parachutes have shown considerable degradation

of performance due to the high heat tran ier coefficients near the edges.

Lately wind tunnel tests of small models have indicateJ that reasonable

inflation and attitude stability may be attained with a fine-meqh

roof material (5). The flow through a single pore is taken to be

analogous to the flow through a nozzle. At supersonic flight speeds

and at very high porosities* discrete shock waves form ahead of each

cylinder. If the porosity is lower, i.e., insufficient to permit super-

sonic flow to be "started" in n-,ach nozzle in a manner similar to the

*Porosity is defined geometrically as the ratio of open area to
total area of the forward-facing surface of the retardation device.
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startiK.;g process in a closed-channel wind tunnel, a continuous shock

appears ahead of the entiie mesh surface. At such intermediate poros-

ities and sufficiently large Reynolds nunbers, a discrete boundaiy layer

will form on each cylinder. Only at very low porosities and Reynolds

numbers will the individual boundary layers merge to completely fill the

pores and establish a continuous boundary layer over tfhe entire mesh sur-

face. Only the Intermediate porosityv-discrete bcundary layer case will be

studied in this report.

Large-Scale Phenomena

The range of interest in the present study consists of altitudes from

sea level up to 200,000 feet and flight Mach numbers ranging from 3 to 6.

A typical "problem" might be Mach -5 operation above 70,000 feet with a

onomiual parachute diameter of 2 to 10 feet and geometric porosities of 25%.

A concave nemisphere canopy is a typical shape considered for supersonic

operations although spet:ificatior of the exact geometry is not necessary.

In Frevious work '6), It was felt that a good starting point. for study of

the large-scale phenomena was the simple concave hemisphere, The experi-

mental results of Reference 6 indicate that at angular locations up

to 75 degrees from the stagnation point, the static pressure on the upstream

surface of tvle concave hemisphere is equal to the total pressure, This

means that there is practically no flow near and parallel to the surface

of the hemisphere P cept near the tdge. Of course, in supersonic flow, a

4



nearly normaI shock would stard ahead of the hemisphere and this would

produce a completely subsonic flow regime inside of the concave hemisphere.+

In the absence of any parachute porosity, the pressure on the upstream

side of the chute is closely approximated by the total pressure behind the

normal shock. In determining the pressure on the rearward (downstream) face

of the parachute, we are led to a base pressure phenomenon described by

H. H. Korst (7).

The discussion in the previous paragraph illustrates a technique for

computing the pressures and hence the pressure ratio across a chute with

no porosity. The analysis for the base pressure problem has been extended

to the case of flow through the chute with binall momentum only. Since

this last condition is rarely met in Lne case of practical parachute

configurations, the pressure ratio across the chute openings must be

found from experiment.

Small-Scale Phenomena

A Ligh-temperature, high-density flow is produced inside the canopy.

This flov, passes through the individual openings of the mesh. Heat is

transferred from the hct gases to the mesh elements. Therefore, it is

+Schlieren photographs of supersonic wind tunnel tests indicate

that the normal shock ore anticipates ahead of a low-porosity blunt cano-
py is altered into a conical shape b% the viecous forebody wake. Mainly
the low energy portions pass through the canopy.
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the distribution of heat flux to the surfaces of a crossed hmesh which

is of primary importance. The typical element may be considered as a

cylinder aligned normal to the flow. The element is bounded on each side

by an opening (slot) through which the oncoming flow passes. The ap-

proaching flow may or may not separate upstream of the cylinder. This

process has not been clearly defined.

The flow passing through the slots exhibits properties which depend

upon the overall applied pressure ratio. In most flight applications,

the applied pressure ratio will be such that the flow in the slot may

be sonic. Additional energy is available for further expansion of the

stream as it emerges from the slot such that localized regions of super-

sonic flow will occur downstream of the slot. Between the supersonic

jets emerging from the slot and the rearward-facing surface of the cylinder,

two regions are found. The first is a conventional free-shear layer in

which the streamwise component of velocity diminishes from the value found

in the jet to a near-zero condition. Adjacent to the shear layer there

exists a small region of reverse flow with a circulating vortex. The

local pressure in the separation bubble is determined by local base pres-

sure phenonena (the flow issuing from the slot). The mean near-wake pres-

sure which exists further donwstream is determined by the gross geometry

and the freestream Mach number. These two pressures are generally not

equal. Therefore, further recompression exists downstream of the jets is-

suing from the individual slots. The local base pressure behind an indi-

vidual ribbon is therefore determined by the slot pressure ratio and the

recompression process in the jets.

6



Flow Field Analysis

On the basis of the preceding discussion, the foliowing assumptions

were made regarding the flow field about the parachute:

1) No consideration is given to the presence of the forebody wake and

to corresponding idifications of the canopy shock wave. The local flow

parameters (Mi. Pr. Tit Pl) ahead of the body (station 1) are determined

solely by the trajectory.

2) A detached shock stands in front of the inlet area A2 (see Figure 2).

The shock is assumed to be a normal shock. Tne shock is not influenced

by the riser lines. The fluid properties downstream of the shock (sta-

tion 2) are determined by the normal shock relations.

3) The flow through the skirt is one-dimensional. The local flow param-

eters are determined using a steady, one-dir ' onal, isentropic, com-

pressible flow.

4) The local flow through the roof is analogous to the flow in the sonic

throats of a multinozzle grid. The sonic pressure in the mesh minimum

area is found from the isentropic expansion from the fictitious reservoir

(Figure 3) with corditions (p5, TO) that exist behind the shock. Con-

tinuity of mass flow through the inlet and throat can be used to deter-

mine *e approach flow velocity inside the roof at station 3.

5) This approach to calculating the heat flux rates to porous retar-

dation devices is also subject to the following limitations:

a) porosities such that individual boundary layers exist on each

filnment and

b) continuum boundary layer concepts on each filament.

7i
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Heat Transfer Phenomena

Most parachutes are constructed of fabrics which are very poor

thermai conductors. Examination of parachute canopies after experimental

tests has revealed the importance of parachute material mass and its

distrihjti, Are-, rrnt m • ,vptrapped seams have obtained higher

temperatures than in t'e higher mass seam areas. The thermal heat sir.l

"of a giver, component is significant in determining the final temperature

attained by that component.

When the decelerator is being heated, the maximum temperature the

surface can attain is the equilibrium temperature--i.e., the temperature

resulting from a balance between convective heating and radiation cooling.

Therefore the maximum temperaturc which may develop is strongly dependent

on the film heat Lransfer c-efficient ai.d the emittance of the materidl.

The radiation equiliorium temperature closely approaches the adiabatic

wall temperature at low Mach numbers where the total temperature is small.

The departure is significant above Mach number 2.0 due to the T4 variation.

For the "actual" or "instantaneous" temperature, the local heat transfer

coefficient, the surface emittance, and the thermal diffusivity of the

decelerator material must be known for each point of the trajectory. Fre-

quently time-temperature histories are computed using the assumption of

infinite object thernal conductivity coupled to the neat sink ablity of

the parachute. C~alculated maximum temperatures involve a balance between

convective heat input and radiative hew. loss and do not include heat

storage terms. The zero convective heat flux wall temperature--referred

to as the recove.y or adiabatic wall temperature, 'I w results in wall

D )



temperatures which are close to the freestream total temperatures since

the expression for T is
aw

aw2

T- =(1)
0 1 + (Y 2,00 2

and the values of r fall in the range

0.85 = (Pr)/2 = ra r • rturb (Pr)I/3 = 0.90 (2)

Some authors have recommended porous drag devices because of the ad-

:-enrages offered from the points of view of flexibility, packaging, manu-

facture, and aerodynamic stability. There is a serious disadvantage of

increased heat transfer from the surrounding air to the porous retarda-

tion device. When the retardation device is made up of a porous weave

consisting of round filaments, and the porocity of the weave is such that

a sin,_, normal shock forms ahead of the body, the total heat transfer to

such a woven cloth is equal to the sum of the heat transfers to the indi-

vidual filaments. It is a well-established fact that the stagnation point

heating rates vary as the inverse square root of the element radius. There-

fore the ratio of the heating rates of porous materials to solid materials

is equal to the square root of the nose radius to filament radius. For

example, a weave consisting of 0.010-inch-diameter filaments-50 to the

inch (25 ,crcent get metric porosity), receives 50 times as much heat pr

utiit area as a solid material of 1 foot radius under the same approacn

:low conditions. The area available for heat transfer is also increased.

ii



The equilibrium temperature is affected to a lesser amount becaise

woven materials have higher emissivities than solid surfaces of the same

parent material--a geometrical result due to the great number of cavities.

These cavities tend to alter the reflection characteristics and therfore

to increase the absorptivity above that of a solid surface. At equilib

rium, the emissivity and absorptivity are equal and increased emissivity

resuIts.

Mass Transfer Cooling Effects

At the present time useful metallic and ce-.iw c fiber- are still in

the developmental stage and parachute materials can only be used below

their softening temperature (for nylon 35 0 *F). This limitation suggests the

use of :ion-permanent coatings that sublime or ablate. in consideration

of high-Lczperature materials for parachute application, coated fabrics

or coated fibers are useful. The short aerodynamic heating periods

associated with first-stage decelerators permit the use of ablative-Lype

insulating coatings of conventional internal fibers (nylon and Nomex). For

"orbital fe-entry trajectories coated metal fiber fabrics would be

tdfective. It has been demonstrated (8) that subliming coatings do

substantially increase the operating lifetime of the base material. The

increased thermal protection results primarily from the aeded mass (heat

sink effect). The extreme mecLanical environment (parachute opening

shock, flutter, etc.) is extremely detrimental to the bond betweern the

coating and parent material such that frequently the coating material is

removed by merhanical r,,,ther than thermal causes.

1 2



raýtjcory Heat Transfer Considerations

The greatest source of uncertainty in engineering calculations of

the energy exch~iý.ge process to the mesh elements lies in the determina-

tion of the convective heat flux as characterized by a heat transfer

parameter Nu which is a function of a number oz' parameters. This is

expressed by the following dimensionless relatioostiip

Nv- = f(Re, Ml, Kn, Tw/T 0 , geonmetry). (3)

The Reynolds number Re describing the flow ccauitions ar'ound the

fibers will, in this report, be based on cylinder dianeter D and .•,n the

average velocity and properties in the flow through the slots betwein

the mesh elements where, for supercritical pressure ratio, sonic velo-

city exists. This Reynolds number is denoted as Re* In

Figure 4, Re*/D is plotted versus descent Mach number 1for altitudesS1

ranging from sea level to 200,000 feet. This i Reynolds numbei ½s pre-

sented since it does not require thn' specification of a body dimension

which varies with a specific parachute. The large values of Re*/D

which ex' low altitudes produce high Leat flux rat-es. The short-

dashed curve is a curve of conE.Lant dynamic pressure (connected With

the descent velocity) of 1 lb. per square foct--below which reliable

sell--infiation o, flexible drag devices cannot be expected. The curve

labeled "stagnation temperature = 1 00QF'' illustrates the heat transfer

problem as det#ruined by Mach numbcr effects. The operating regime of

convenL ional oarachutes lies yithia the envelope of the tfo preceding

curves.
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Th.e descent Mach number M1 has only an indir(ýc influence upon the

heat transfer to the mesh elements insofar as it determines the pressure

and temper-,ture both inside the canopy and behind it. For the flow .nd

heat transfer around the ribbons, the pressure ratji p3 /P 4 is a more

buitable parameter. its "ise has the further advautage that it can be

readily measured in a wind tunnel experju.ent on a parachute model.

The pressure ratio curve presented in Figure 4 is -.. z ratio of the total

pressure behind a normal shock to the freestrean; static pressure and

represents the minimum pressure ratio which should be studied at any

simulated flight Mach number.

The Prandtl number Pr, whose value is approximately 0.7 under normal

atmospheric conditions, deviates up to + 10 percent froir, this value up

to temperatures of apprcoximately 6,0f 0°R. At altitudes up to 400,000 feet

the stagnation temperatures for Ma s 10 will be below 6,0000 R. The de-

viation of the Prandtl number from the value 0.7 will be neglected.

Ine 1Mnudsen number Kn will entc-r as a parameter only a- very low

. ns'ties. It can be expressed as a reLe:-4 a between Mach number and

Reynolds number, for instance by " I . I th4is expression the mean free

path of the molecules is related to the boundary ayer thickness. The

determinnation cf the critical value of !1_ depent!' upon the ';hape of

the body which aff~ct.s •he boaundary layer ý;o-,th. dcwevez, for an ap-

proximate evaluation it seems justified to introduce M* and Re* as charac-

teristic values in the Knudsen number. Hermann (9)

give.; as critical value Re 10-3 a ithe present ease, M* = L. Thus,

.-ontinuum flow can be expected to exist for descent conditions at which

15



Re* > 1000. The con'itions for which this is the case are evident from

Figure 4. The results presented in this report are valid for the continuum

fJow regime. Summarizing the foregoing discussion on the influence of

the various parameters upon the heat transfer on a parachute fiber, we

can expect a relation

Nu = f(Re*, )L (4)
S~P4

This relation, then, has to be determined by experimnents.

As mentione- above, it is convenient to defitue a Reynoi 4 s number

based on the velocity and flow properties in the s~nic .rifize and the

slot width

Re* p*aD (5)

In the fJ.ight case the static temperatu,-e T, and ,resbure p, are deter-

mined by ):he flight altitude. A total p-essure p0 and temperature To

are determined once the flight Maca numuer fis prescribed. Since the how

shock is assumed to be normal, Lhc total pressure behind the normal

shock p'O (inside the -anopy) is deteumined frouL p0 ai.t Ml. The total

density1 behind the bow shock, is computcd from p•., I and the proper
J,0

equation of state. Finally, the soni( density and speed are determined

from an isenZropic expanslon from pO' , TO to p* 3nd TV. The viscosity

w* is a known functlr<n of tne temperature T*.

Owce a method for calzulating th- heat tgansfer coefficienr Is

.electeGd, an appropriate heat balanrie sulution mwst be applied. Either

So t•'o approxim.Ate prok.eut.res vat. be use-d, as follows:

16



I. One-dimensional transient solution:

Consider the fabric wall as a cylinder exposed to aerodynamic

heating on the surface.. A heat balance then can be written

for the conditions at *:he outer surface. The condition for

heat input at the outer surface by convection alone from a

fluid at an adiabatic wall temperature (T aw) is

h(-r) [Taw - T(r,T)] = - k Tr T(r,-r (6)

This equation implies that the element is subjected to a lni-

form thermal environment around its periphery. Thrs, one

can approximate the 1-eating of the roof panel element by a

cylinder subject to a constant temperature environment at the

instant of time under consideration. As a first approxima-

tion, the radiation away from the outer surface is neglected

but can be included if necessary as surface temperatures reach

values where they become an important factor. The rate of

heat conduction into the cylinder then can be calculated in

conjunction with one of the suggested methods for calculating

the heat transfer coefficient, by iteration over a finite time

interval. This equation is solved over the critical decelera-

tion time with aid ox a computer, or it is estimated by using

thermal-response charts such as those available In Section IV,

Case C. This transient type cf heat balance solution is use-

ful particularly in situations where the deceleration takes

place over a shorL time interval.

17
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2. Heat balance solution:

Consider the fabric wall as a cylinder exposed to aerodynamic

heating on its external surface which behaves like a heat s.ink

with practically no temperature gradient through its thickness.

Then, the following heat balance can be written:

4 dThSI (Taw T) ST -PVc - (7)

This heat balance, developed in Section I, is written at the

outer surface on the assumption that there is no internal ra-

diation-energy interchange. This equation, combined with the

method selected for calculating the heat transfer coefficient,

can then be solved by iteration, by assuming various wall

temperatures for the instant of time under consideration until

a balance is achieved (i.e., a quasi-steady-state condition

is reached along the trajectory path for a finite time interval).

This heat balance solution is useful particularly in situations

where the material has practically no temperature gradient with-,

in it (Newtonian heating). Thus, a simple estimate of the sur-

face-temperature rise can be made if one assumes that such a

temperature gradient does not exist.

Either Equation (6) or (7) may be used to estimate the maximum

temperature the parachute may attain during the heating process. This

equilibrium temperature will normaliy exceed the actual surface tempera-

ture during the parachute heating cycle. There are cases, such as atmos-

i1
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pheric entry, in which the instantaneous equilibrium temperature looks

like one-half a cycle of a sine wave. The complete solution of Equation

(7) which incorporates the internal heat sink effect, leads to actual

wall temperatures which, at times, exceed the equilibrium temperature as

sketched below:

EQUILIBRIUM TEMPERATURE

TEMPERATURE -.ACTUAL WALL TEMPERATURE
T/

///

TIME r

The methods described above must be modified if the decelerator

reaches its charring temperature or melting temperature before attaining

the equilibrium temperature. Certainly computed temperatures that are in

excess of the melting temperatures have no physical significance. When

the surface temperature reaches the melting temperature the problem

shifts to a transient heat conduction problem with a constant surface

tempr :iture.

19

. . .. . . .. .



SECTION II. EXTERNAL ENERGY TRANSFER

Energy Balance

The time-temperature history of a deceleration device is governed

by the principle if energy conservation which is expressed by the relation

between energy flow rates Q as

Qentering - Qleaving 0 Qstored

In the case of a deceleration device moving through the atmosphere the

foli.'wing energy flows appear:

1) Energy flow into the parachute by convection, Qc

2) Energy gain due to incident solar radiation, Qr
so

3) Energy loss from the parachute by radiation to space, Qr
sp

4) Energy loss due to radiation. to the earth, Qr
e

5) Energy stored by the parachute, Qst

These terms will be discussed in the following paragraphs.

1) The heat transfer into the parachute by convection, Qc is cal-

culated from the relation

Q =hS (T - T) (9)
c 1 aw w

where

S - total surface area of decelerator exposed to convective

heating, (ft )

h - crivective heat transfer coefficient, (BTU/ft4-sec-'R)
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T = adiabatic wall temperature, (°R)aw

T = temperature of the surface of the decelerator, (°R)w

The flat plate with constant wall temperature serves as the standard

condition to which simple formulae apply. For this case the differential

equations which describe the flow and energy conditions are well-estab-

lished for a laminar boundary layer at normal conditions of pressure

(continuum flow regime) and temperature (ideal gas behavior). The prin-

cipal difficulties in solving these equations stem from the large varia-

tions with temperature and pressure of such thermal properties as vis-

cosity, thermal conductivity, density, and specific heats. Experimental

imperfections generally lead the designer to conclude that in the laminar

range, the most reliable information is obtained from analytical calcula-

tions. If the geometry is complex and/or transition to turbulent flow

takes place on the body, then empirical methods must be resorted to.

The proposed methods for the calculation of h are summarized in Section II.

2) The energy gained due to incident solar radiation may be deter-

mined from the relation

Qr laSrad (10)
so

where

I - solar radiation intensity; a reasonable estiatate of its value

is 425 BTU/t2 -hr

a - absorptivity for solar radiation of the parachute material; a

typical value is 0.2

2Srad - projecced surface area of body, (ft2)
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3) The energy loss from a 2arachute by radiation to space is given by

4Q r as r EF P-p(T - T spc (11)
r a -p ppc

where a - Boltzmann constant equal to 0.173 x 10 -8BTU/ft 2_hr-R R

F P-p-radiation shape factor between parachute and space

c- emissivity of the parachute material for long wavelength

radiation; a typical value is 0.8

T w- temperature of the walls, (*R)

Iw

T spc= temperature of space, (7'R)

4) The energy loss from the parachute to the earth is given by

the relation

* 4 _4o OF 4s rad F -ath (T - T earth (12)

Qre Orad pe (T e

where

F p radiation shape factor between the parachute and the earth

p-eart

c - emissivity; has the same sigma ficance and practically

the same value as in Equation (11)

T - teverage earth temperature; assumed to be 520(R

spare

5) The rate at which energy is stored by tne parachute is given

by the relation i P V c a T (13)

St Mmmp di
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mm
g where

el ge density of parachute material (ibm/ft)

1-1 m = total volume of parachute material (ft 3)

cM = heat capacity of parachute material (BTU!Ibm- 0 R)

dT

"d- time rate of change of the average temperature f the para-
dT

chute mass, ( 0R/hr)

Total Eneri Lalance

An energy balance may now be written based on the abovP equations

to yield

44
hS1(Taw- T) + !as2 -(s3w(T4- Tspace) +

F44 c(T 4 _ T4  PmVmc d7T (14)

FS w earth' m m p d(

In a majority of cases considered the terms for the energy flow into the

parachute by solar radiation and for energy loss due to radiation to

the earth are generally negligible compared to those of radiation to

space. In addition the temperature of space (,r s 7'R) may alsospac~C

be neglected compared to equilibrium temperatures of practical interest.

Finally, if no heat is absorbed by the parachute the cunvective flux

must be equal to the radiant flux. This condition permits a simple

determinatLion of the tcquilibrlum surface temperaturv T e Consequently

hS T -S T() - • -3 T (15)
S aw e 3e
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oir rewritten as

T -

aw e yE

Equation (16) mtay be solved for the equilibritim temperatu~re in theý above

form by trial, and error, or the following system, may be used which is

an explicit soluti.Ž~n for T. from E2quatie.n (16):

T +-L4- 2 (L - ml v) (17)
e 2FI

where 2 4- 31/3 ' 4n3j1/3

u1 6 n IT(9

kle S 3C1SC aw

2p~ain&_Period

Thk extremely short ti..i, to maximum temperature of sotre parachutes

shok;IJ be noted since it bec~intes of the same order of magnlttude as tile

opening time (which falls in flic range of 1/20 to 1/2 second. depending

on th't parachute design). It is estimated in Reference 1-0 that the time

to maxiur.w temperature should be at least ten times great*er than the

parachute opening time before the opening effect. can be neglected.

T1he greatest source of unce)Ltaiiity in Equation 41'6) lies in the

evaiuaticii of h. It has bE.~&k demonstrated that the Mmensionless heat

transfer coefficient (the Niiase'&t aunberý for the constant property, >

compr2Bsaible flow case may be utilized to calculate heat transfer for
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the variable property, supersonic case if the -various physical properties

which appear are evaluated at a reference temperature T According to
r

Reference 1I,

T = T6 + 0.5(T - T ) + 0.2Z(T - T ) (20)r 6w 6aw 6

The recovery temperature is dependent on the trajectory and will vary

with altitude. At a given altitude the recovery temperature is thac

temperature which a parachute would ultimately assume under the sole

influence of steady state convective heat transfer, i.e., in the absence

of other modes of heat transfer. The recovery temperature is determined

by the extent the kinetic energy of the air stream is converted into

thermal ePergy. For blunt shapes, the conversion is very nearly complete

such that the recovery temperature is closely equal to the stagnation

temperature.

According to Equation (20), the calculation of the reference tem-

perature (T r) requires advance knowledge of the unknown wall temperature.
r%

For blunt bodies, normally T6 2 Taw - Tw and Tr =12 (To such that

the reference temperature T is insensitive .o T for the early portionr w

of the trajectory.
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SECjTION III. CONVECTIVE 1HEAT TRANSFER COEFFICIENT

In the seioction of the film heat transfer coefficient It is necessary

to determine the characteristics of the viscous flow field adjacent to

the surface elements of the decelerator. There are no exact calcula-

L.'ens of "supý-rcrritica~l woven mc -h flow" so that 2rigorous development

is not possible. There have been two analytical model~s proposed for the

predirtion of the average convective heat tranrF-er coefficient for mesh

flows of int'?rmediate porosity (single bow shock--individua.L boundary

layers on each filament). They are as follows:

1J two-dimensional laminar stagnation flow coupled with rt-agnation

poý t velocity gradients for low speed, potential flow over an

intl.inite cylinder

and

2) axisymmetric turbulent boundary layer flow as applied to the

throat region of a superscnic nozzle-

Rose, Prolstein, and Adams (12) have reported that the critical

Revnioids numbei for the transition from a laminar to a turbulent boundary

i a'ýe r Its approximately 4 k 10 based on conditions at trie outer cdge

of tiie boundiary layer. With fiber diameters on the order of 0.004 - 0.050

i ncý- igtire t. re,!vas that a laminar boundlary la-er will exist over the

A somr'ewhat mere exact and complex criteriont for transition is that
of ii L-mpi ric~1il determined crit~cal Reynolds number b,'Sed not on the
we. tcjl 1engt;, but .;i the momentun, thickness. "'le criti cal mnoynentum thick-

Pe,,rohis nutmloc; is ipproxiaiately 250 (13).
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entire front face of a typical mesh element for all Mach numbers and

altitudes under consideration for woven mesh parachutes.

The experimental results of Scott and Ruiz-Urbieta (14; Figures 5-8)

produced an engineering conclusion that there are no large variations of

local heat flux around the periphery of a woven mesh surface and that

the conventional laminar stagnation point prediction is a useful first

approximation. In this paper, local measurements were made on an en-

larged woven mesh in which tile individual fibers were one inch in diameter.

Measurements of the local pressures (Figure 6), recovery temperatures

(Figure 7), and convective heat transfer coefficients (Figure 8) were

made on the forward and rearward surfaces of the mesh at locations in-

dicated in Figure 5. Pressure ratios across the mesh were varied from

subcritical, through the criticaj, and into the supercritical regime.

Comparisons of the experimental data with the two proposed methods of

calculating average neat transfer coefficients are readily observed.

It is of imp,,riance that no large variations of h appear---a result which

justifies the use of a single heat transfer coefficient applied to tile

entire surface. It is of interest here That the experiments revealed

that regions of separated fl_. covered approximately 70 percent of

the surface area exposed to convecLive heating. Secondly, comparisons

of the data with both predictive models mentioned above revealed that

while the two methods were generally conservative, some of the data taken

-it tocations between the staglat on lir, e and the sonic throat, do 'all

above the st~agwntion point predictions. Since thiv experimental model was
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hollow and of thin-walled construction, internal heat conduction could

not damp out these local variatic is--as would a solid model.

It is concluded that the laminar stagnation point approximation

should be used in the predictive scheme with the turbulent calculation

also being carried out to indicate an upper (extreme) limit on the con-

vective heating process.

The discussiot, is also restricted to heat transfer under steady

state conditions. It has been shown that for rates of change in velocity

as they are usually encountered in aircraft the convective heat transfer

may be regarded as quasi-steady. This means the heat transfer at each

instant may be calculated with formulae valid for the steady state into

which property values are introduced as they are encountered at this

specific instant.

Laminar Stagnation Point Heat Transfer Coefficient

In the neighborhood of a stagnation point where the velocity dis-

tribution is given by U6 i Cx, the heat transfer coefficient is given by

h = A kl (21)

if the heat generation due to compressive work and viscous dissipation

is neglected. The values of A given by Goldstein (15) depend upon the

Prandtl number, Pr. A few values of A are listed in Table 1.

Table I. The constant A for a circular cylinder
heat transfer coefficient

Pr 0.6 0.7 0.8 0.9 1.0 1.1

A 0.466 0.495 G. 521 0.54(0 0.570 0. 592
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For a circular cylinder U6 (x) = 2U sin(x/2-7 D) and, therefore, C =

(dU 6 /dx) = 4U/D in the neighborhood of the stagnation point. Con-

sequently the Nusselt number based on the diameter of the cylinder becomes

Nu = 2 AjD (22)

Combined Analysis for the Heat Transfer Coefficient

Referring to Figure 2 and Equation (22), the principal problem is to

calculate the equivalent approach flow velocity U for "he isolated, ir,-

finite cylinder.

By continuity

P3 v3 A3 = p*a*A* (23)

The geometric porosity is defined as

P = A*/Atotal (24)

and Equation (23) is written as

3v 3 A* A total A total

p*a* A A3 A3

The geometric factor At ti/A 3 is determined from the parachute cross

section. We consider the flow entering the area A. to originate in a fic-
3

titious reservoir where the temperature .is Top pressure p0., qnd density p'O

33



Since

0*8* P L '~T~~ (25)
0' 0 0 P; T 0

We shall assume, for the purpose rf the heat transfer calculation only,

that P3 P;- This will prove to be conservative as far as surface

temperatures are ccncerned.

Equations (24) and (25) are combined to yield

0R 1 - (26)
p3 v3  / T 0  Vo P Atot-al

The velocity v3 is taken to represent the approach flow velocity

required in the laminar stagnation point analysis. Equation (2o) is

rewritten

p Atotal o
3 A3 T (7

Referring to Figure 9, the porosity P is givc,,n by

A* - 2
P = A* (23_)

Aotal + D)

where L is the distance betwceen the illawentý. and !) is the diameter of

any filament. Therefore the expression ftr H.e approach velocity becomes

" + •)2) (2ti ,, T )9)

14
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For a Frandtl number of 0.71, the Goldstein result (iquat*i-n '22j) for

the heat transfer coefficient to an infinite cylinder is

h ---- c v V (30)Pr •'C r ;1/2D

Now with p,- - ' R , ,P becauise of the
L * u 'O ref ' if ref ' ref ý`PC

condition of a constant static pr-ssure aerors the sLagnation point boun-

dary layer,

V_

If we make the relatively coramon assumption that p = CT, that is

Pr T r
•0 TO321

PO T0

the expression for the heat tranfer coefficient becomes

Pr~ i1/2 f1/2~ p

(0.496) 2 ' -' - '/4 (33)

4 - D 3 (T

leading sonic throat geo- wire shape treje (ory
constant metric s,!%e fsctor variables

weave

The heat transfer results for a variety of geometries ••rt, unLfied thr(ugh,

the use of the sonic Reynolds number Re*. l4.1h the aid of rquait in (2j))
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Re* 0 J D (34)

and the final relation between h and Re* becomes

hD = " L- + 3! t t I= ,• (35)
Nu* =k 2(0.496) (F-;~- -- 4fT~ +Re (35)D)otoaa

Turbulent Analysis

Sibulkin (16) developed an approximate solution for the heat t :ansfer

to a constant-property, turbv.lent boundary layer with arbitrary freestream

velocity and surface teiiperature distribtutions. In order to estimate!

rapidly the maximum rate of heat transfer which occurs near the throat

of a supersonic nozzle, a throat approximation was developed which involves

only the nozzle supply conditions, thiroat opening, and the throat radiuzzý

of c,.,rvature. The Sibulkin prediction leads to the following relation

for h:
_.. 1/5

S--- 
/ (1T1 

(36)

(TO) (r*L*)

where

h = heat transfer coefficient, (BTU/sec-ft 2 -_R)

C - axially syiminetric constant, (C - 0.0027 BTU/ib-sec 4 / 5 _-ft l/5- Y2j5

r* - nozzle throat radius, (ft)

L* = radius of curvature zt nozzle throat, (ft)
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P 0 - nozzle supply pressure, (lbf/ft )

- dynamic viscosity at T, (slugs/ft-sec)

- 3
-* - sonic density at T, (slugs/ft ) (0.5283 p0)/(1 7 16 )(0. 8 3 3 T0 )'T 0 /T

T0 = nozzle supply temperature, (OR)

Tt = sonic temperature = 0.833 TO, (OR)

T (T* + Tr)/2, reference temperature, (OR)

The velocity gradient at the nozzle throat of an axisymmetrical-flow

nozzle is

(d)6 = 
(37)

The assumed circular nozzle throat of radius r* is frequently only an

approximation to the actual rectangular geometry. That is, the orifice

2shown as the shaded area in Figure 9, rr* , is assumed to be circular

2with the same geometric area as the actual rectangular orifice, L . The

corresponding stagnation point velocity gradient on an infinite, isolated

cylinder, reduces to

d2U 2 2(-O 2 2 L*2

+- 2 Y. + r*L*3Sx x=0 R + 1) 2 y '' r , 20
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SECTION IV. INTERNAL ENERGY TRANSFER

The heat gained by a body is determined by the resistance to the

flow of heat at the surfaLe as well as the internal resistance. Consider

a wall losing &ent by convection to an ambient gas. At the wall, the

convective velocity is zero such that in the absence of radiation, the

energy transport is by conduction only. The Fourier conduction law

states that a rate of heat flow dQ in the direction of the normal n to

an area element dA is dQ = - kdA DT/3n. The minus sign indicates that

heat flows in the direction of decreasing temperature. According to the

Langmuir film concept the temperature gradient in the gas is confined to

a narrow layer of thickness 6. We simplify the convective heat exchange

process in the gas by assuming the entire thermal resistance to the heat

exchange between the wall, and the gas is concentrated in a static film

which adheres to the wall, whereas outside this film all temperature

differences vanish as a result )f the mixing motions of the gas. The

flow of heat to the wall is given by Qw . (g/6g ) A (T - T w). Owing to

the difficulty in interpreting the film thickness 6 , it is common en-

gineering practice to combine the quotient k /6 into a single quantityg g

casignated h, the film heat transfer coefficient, and express the boun-

dnry heat cxchange as Q - h A (T - T ) where A is the boundary area in-g w

volved. The quantity hA is referred to as the surface conductance while

the value 1/hA = R is called the surface thermal resistance of the film
s

h:eat transfer process. For corbined excharge processes the sum of the

indi vidual resistances is the thermal resistance of the overall heat
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transfer process. The dimensionless convective heat transfer coeffi-

cient is called the Nusselt number Nu - h6 /k and assumes values both
cony g g

greater than and less tli.n the value of unity predicted by the oversim-

plified. static film concept.

The heat entering the body is also governed by the Fourier conduction

law. Whenever the internal conduction is of importance, a dimensionless

conduction Nusselt number, given by iucond h6 w/kw - Bi (usually referred

to as the Blot number), enters as a parameter. The Biot number can be

thought of as the ratio of internal to surface resistance since

6 R
Bi . ... = (38)

k 1 R

hA

It is of primary importance to estimate the value of the Bio. number in

a given problem in order to justify any further assumptions used to

simplify the analysis.

In any problem of transient heating (or cooling) the heat transfer

process is influenced by both the internal resistance Rio and the surface

resistance R The limiting cases are represented by a zero interaal re-

sistance (RI `)/kA -* k Newtonian heating or cooling) at one

extreme and a zero surface resistance 4R I/hA - J z h * -') at the
S

other . The time increment in which equal cempuratures art, reached at two

Ji A t lo itlus on t.it' object is c.-iltd the "transfer lag." III

Ne"•-in nicting the t er lag is zero,

AnI



Case A -R = 0, Negligible Internal Resistance

When the body is constructed of material possessing a large thermal

conductivity, its ½iternal thermal resistance may be !gnored so that the

heat transfer process is controlled only by the surface resistance. No

temperature differences can exist in the body under these conditione--c. e

bedy ie isothermal. Consider a body having an initial temperature Ti

at T = 0 that is suddenly exposed to a fluid at temperature Tf. The rate

of energy transfer from the surroundings for T > 0 is given by

Q V dT -
dmp c T =hA (T, - T) (39ý

mmPm dt f I

where c . P m V . and A are the specific heat capacity, density, object
Pm

volume, and object surface area, while T = T(r) - T (T) is the uuiformw

temperature at any time r and h and Tf are the heat transfer coefficient

and ambient fluid temperature. We shall eliminate the bars for con-

venience. If h and Tf are independent of i, Equation (39) integrates

to Yield T-AT

T -Tf C mV

T__-__Tf (40)

and th- uniform tempDcrature of tLe object rises exponentially with time.

If we introducfe the B3ot. number iii and bourier number Fo defined by the

relat ions

k
h FO (41)

m I) W
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Equiticn (40) becomes

T~~~ T 11iFo

T e (42)

The product BiFo is independent of the object thermal conductivity k.

For infinite cylinv--rs the geometric factor (A6, iV) = 2 and Equation (42)

is rewritten 
___

2 hc0C6
T -Tf mp pw

f - e (43)
Ti T f

If the temperature of the external fluid varies linearly so that Tf =

Tf 1_ C (r), the solution becomes

2h r
Pm w Om C

T-T + C - 2h mP w
f 2 ( 1 W

:• c '6

mpm
T -T C 0 -

TI - f _- 2h

If the fluid temperature diminishes expoiientially so t: at T, Ft c
i

t he sot ut ion he~r.• ([7 .1.

2 h

-I - I ( - J) n , w

.1 1



where

-c 
(46)

mPm w

2h

If the temperature of the external medium varies periodically (one--hllf

cycle is an approximation to the atmospheric entry case) such that Tf

Tf + C cos (wT), where T JL- the mean temperature of the fluid, constint with

time, and S and w are the amplitude and frequency of oscillation of the

temperature difference T - 'f, the solution is

2h
Pc w

Tr A' = e A'm 
(47)

Ti, T- A

where

A' oC ) 1 _ K cos wT + w s in w 1
Pmw

L (48)
2h

mp wi m~ m

( 2i 2

mn p dw I



A c. Ias; s j probl e ms e,ý-iS ts ill w!,i(1 ii ,u t r I;H i c4 t. iI A, Y.ll!'rn",I rc i, s La '

i l gl i ý•;ib 1 rid , etand thle i .tr 'lla ý tii r Cs iAt s L aII,[ C' d 1:1lit I Ii_ pr [o1em.

If t ie am,)ie I I" temperature of tile sur :oulidinI) I fuid i.• 'T'f () we take the

ttmpe rat ure cO t h1 sur face of th1e obj ec t to be T (I) foir I

az) Tf - con;Lart T. = T.(r)

Collsider an inf initely long circular cylinder wl th t.he initiat

temperaturc distrIbution T'. The temperature of the surface T(R,i)

is suddenly changed to Tf const for all .r 1,. The solution a;.ust sat-

isfy the system

ý2 I.,T G•__ C T 1t 6 T
72 T + (49)

rT =T (r) at = -O . r <R

(50)
T = 0 at r ;•; 0 0

For the special case of a uniform temperaturc, distr ibution r) = Ti

the solution of the above systeem is

-"Fo Mn R"

"I' - rf 2 n (51)
i f M 1 1 n( )

where J and JI are the zeroeth and first-order Bessel functions and M

represents the roots of the zero-order Bessel function J (Mn) 0.

3(1



fht' I t - vu 1uot: niI (M ) Vr&2 civ.4r i:1 t1(' o o. Aiuvi . ta i, 1 (18):

'isb!11 M i•... :• . io .M(••

1 2 3 4

0 2.44048 '.520.1 8.65357 11.791, 14.93U9

1 3- 83i7 7.0156 P). 1735 13. 3237 16.4700

T'"he series has been comput& :d for t he i •. i I :," vr'w u it kr•, )4., i<L r'r A u A ,

centerline r -0 aicording to tbe following (,xpansion-

F F m 2n F FoL 2
T(0,T) -Tf - e~ + ... ,, ( JT -T:, =2 Ln-cl- j7""•e= 1, " qo'. .I% ...

A tew values of C(Fo) are given in the foilowing table:

I'•.-b ie I II n u s of f,•F~o) in U(',I ,..•
U~i4 il. Y. 1C ( i o t•.uqt,. i c n (52)

Fu C ( FO) co V(O)

0,020 0.99999 0.200 .50149

0.040 .9) 62 7 0.240 . 39 912

0.060 .97054 0. 280 ."2 704

77? 2) ,- 1 250 67

0.100 .8483h 0. 360 .19973

(.120 .77293 0.400 . !585

0. 140 . 09798 0.50O) .0887

I. (A) .02692 1 .000 .0049

0. 180 .5 I 2u. . )0, (1003



b. ) Transient Boundary Conditions Tf = Tf( ), f I consta nt

If the in-Iftial. tempevratuic of the cylinder is T and its surface

teemperature is Tf (f) the solution is

o,M•
-t

M Fo 2 1_0 m R i 2
T T, + ,2eM e T (A)dA (53)

1 2 n ýJAM (mnl I. I n

e.,r - k /, c
w w Pw

If the surface temperalure undergoes a linear rise, we take T f (T)

T + CT where C is a constant time gradient in 'F/hr, and the solution is

( R2 1 2 _ M2Fo

2CR n L L (54)

n-1 M'J (M)
ni n

fl: rhe si..face tempe.aurue undergre6 a sinusoidal variation of the form

T T, Ti + sin (w-r + c)j, then the solution is (19)

0( ~T r) ~'~~-~J R\

""RsinT + c ~ a + e- r) 6

-2 n +
nn

+-- R2 e• [o M4os - • J7(HT n
n~l / 2 1__4nn 11

R- +

R /

+For the notation (. ( 1) 11nA 0 (z) and ,.omc "-imerical values s
MvLochlan, Bessel Functions for -E__.nneers, Oxford, 1934, p. 182.
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Cas[e C - h F L lntIIIt rtaI a 116 Sur!l :Ice -! : ý-, . c•I(.

Tlb' mo.-t general Ihea;;t t ar"I; fui r p roble i 1volves I nz'; i i i1g oI coo liI'.

of an obj ect L il which bothfi *:he inLeru at.1 arnd su rfiact, resistaniic-' rust ii be

considered. Let the tnitial temperat ure throughow t. .f u, tel v log

cylinder be '. = constant At the tinw 'r = 0 the cylinder is exposed to.,

convective heating from an ambient fluid at Tf = colnstar' . !ii addit ion

the heat transfer, coefficient is Laken to be constant'. Th solution .is

T Tf_ .. " 2 2 J (M n)2 - M• ° ( T" " ( 6
T, T L en (5A)

- f n' . ( M n ) + ) ( M n

in which Mn are the roots of the eigenfunction Fcssel equation
n

M n (5I)
n J 0 (M) n

ht th~ t epr~t,,rP-r itlon -,•!,ti..s a fu--tion of two para-:--

-- n-neasin---cae-f-egi

eters (Fo = aT/R2, Bi = hR/k), rather t7an one as in tre case of negli-

gible surface resistance. Tie first three roots of Equation (57) are

given in the following table:

Table IV. Roots of N J, (in 'Ij,(M ) Bi

Bi M1  M2 M3

0 0.0000 3.8317 7.0156

0.02 0.1995 3.8369 7.0814

0.04 0.2814 3.8421, 7.0213

0.10 0.4417 3.8577 7.0298
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BMI M2 M 3

0.20 0.6170 3.8835 7.0440

O,40 0.8516 3.9344 7.0723

1.00 1.2558 4,0795 58

5.00 J-9698 4.713.1 7.6177

10.00 2,1795 5.0332 7.9569

100.00 223809 5.4652 8.5678

For values of Fo greater than 0.2, all terms in Equatiun (56) after the

first become negligible. Therefore, for r equal to zero

Itu) - Tf 2J 1 (M I)e (
= (58)

T - Tf Mj2(M + 2(M

With this approximation in mind, Hleisler has presented time-temperature

charts of the solution of Equation (56) for the range of Biot i b•

from Bi - 0.01 to 100. The Heisler charts employ Equation (58) for the

central temuerat,'- histnrv (J_(0) = i.0)- It 1= clear that for any

other position 0 < r _< R, (T(r) - Tf)/(Ti - Tf) (T(O) - Tf)/(Ti - Tf)

S fm L). .- A few useful values of the zeroeth and first-order Bessel

functions of the first kind, Jo(M) and J 1 (Mn), are
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i 'J';).It:, V. ,'duru- ctlý and Fii'i-;t- )rl,-<i ce ,' ,i .Fuix( t: Jon< ,;

0.0 110000 0. UO00

0 o 2 0.9900 0.0995

0.4 0.9604 0.1960

Si0 O 7652 0.4400

i. 5 0.5118 O. •579

2.0 0.2239 0.5767

2.5 -0.0484 0.4971

It is r,car that if Bi < 0.,i M! < 0.5 and J (0.5 r/R) 0.95. It is

seen that the te,'erature c distri-bution trough the cylinder is nearly

uniform for Bi < 0.1. Therefore, for Bi < 0.1 the combined heating process

may be considered to be controlled by Lhe surface resistance and the body

uniform temperature is governed by the Newtonian equ.ations.

For very large values of Biot number or for small values of the Fourier

number the series sol"htion given by Equation ('A) converges slowly. Fcr

this reason Heisler developed "short-time" charts for I/Bi = O.G5 to

and Fo = 0 to 0.2. For Bi = 10, (T(R) - Tf)/(Ti - Tf) reaches the value

0.5 when Fo = 0.01. In this case, the internal resistance prevents the

passage of heat into the interior so that tne surface layers -ust absorb

the energy input. The small mass available leads to rapid temperature

increases near t.e surface such that the negligible surface resistance case

is approached in which the surface temperature instantaneously assumes the

fluid temperature.
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",'ihe asymptot ic expalJionIas sjOr siaj] van' S ol t:-l, .' A rC , I J PIb (--770M

aId ;I -, v-11 d oh Y if r/R is not- smalI. HeisA. er comput ed the short l tAve

curve,•_ for tihe cyli 1nder surf acv while the o ner c•:arts werc (, obtai ned by

"elect ri caI analogy'" oa-x a "heat and masFs f1 ow analyzer." Charts for

riR 0 0, 0.-5 and 1.0 are presented as Figures ]4 and 15,

Case D -- Ap.r.ximate Methods

Of course, the only ffethod for soiution of 1:1.•e g-eneral problem

(0 < M < -) with variable boundary conditions [hfL), T (-)] involvesaw

numerical Integratlon of tLn heatt cond',c:tion equatioi. Short of this, it

is often useful to obtain rapid est•maates of the surface temperature, i.e.,

ubing the resuis of Sections IV. Case A and IV, Case B to predict the

results of Section IV, Case C. Consider the two sketches below:

i T ow(k=O) T

Ti Ti

F0  k= 0 k kmoo
Six OD B i Bi=O

(a) (b)
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The probJem is to predict the intermediate Bi behavior from the limiting

cases as ts illustrated by the dashed lines in the sketches above. Asymp-

totic expansions in the two ranges Bi >> 0, Bi = 0 are reasonable. A

somewhat m.,:,= uzcful, though cruder, approximation is the following:

TBi T Bi=O - tanh-

TBi=, Bi-0

where C is an arbitrary constant. The hyperbolic tangent was chosen be-

cause it has the proper asymptotic behavior (tanh 0 - 0, tanh 1 = 1).

1elow is a short table of the hyperbolic tangent.

Table VI. Table of Tanh x

x tanh x x tanh x

0 .O000 1.2 .8337

0.2 .197A 1.4 .8854

0.4 .3800 2.0 .9640

0.6 .5370 3.0 .9951

0.8 .6644 4.0 .9993

1.0 .7617 5.0 19999

(If x > 5, tanh x - 1.0000 to four decimal places.)
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A sample calculation may be carried out using the Heisier charts (Figures

a, Land ) For F, 0.2, Figure I-' revedl.s the following data:

T(R) - T.
B1./ • tanh (VeBi!2)

Tg 1

I 1.UU 1.00

i0 0.92 0.92

5, 0.84 0.81

1.00 0.43 0.46

.50 0.26 0.33

.10 0.06 0.13

0 0 0

The approximation is examined for C = 2 above anA is reasonable in the

range 0.5 5 3i 3 10. This is the useful range of most parachute materials.

60



0

W*W 
00

S 

0

00

-

0

o~~ 

C: --

ReOD ue I~

01tAvialeCP



.0O 0 CENTERLINE

0.2-
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Figure 17. Heisler Position Correction Factors for Dimensionless
Temperature Ratius for Infinitely Long Cylinder.
To be Used with Figure 16 (Reference 21)
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APPENDIX I.

APPLICATION OF THE PROPOSED

TECHNIQUES TO A PRACTICAL EXAMPLE

The analytical tools developed in the text were applied to a para-

chute which was launched by the Goodyear Corp. (22). The heat transfer

calculations are based on measured values of velocity versus altitude

(Figure 35 in Ref. 22) and calculated values of the Mach number, total

pressure, and total temperature. The important aerothermodynamic vari-

ables are tabulated in Tables VII and VMI. The data required for the

calculation of the convective heat transfer coefficients (Equations [33]

and [35]) are presented as the last two columns on the right in Table VIII.

These date are plotted in Figures 18 through 20. It is observed that

the parachute was deployed during the ascent phase of the trajectory.

Experimentally (23) it has been found that the actual pressure behind

the normal shock is less than p; calculated using normal shock theory in

the abs'nce of any forebody wake. The ratio p;actual/P calculated is

given in Reference 23 for two Mach numbers, i.e.,

M1 = 3 P; act/p; calc - 0.61

M, = 4 - 0.47

Since the present data fall in the range 4 < M1 < 5.5 extrapolation was

necessary. The following asymptotic behavior seems plausible:

M1  1 ac/Pal -c 1

M 0
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It is obvious to try the forms

__Oact B(MI- 1) B(M -1)

I - e or e
POealc

The best fit gave

pM -l
Oact 4po' e

calc

The general heat balance, Equation (14), was applied to one mesh, silent-

ly assuming that by rotation and fluctuation of the parachute the local

variations in hea~tng due to location on the parachute are leveled out.

From the given porosity P = 0.13 and the cross-section of one wire

(see sketch below) one can calculate the mesh size to be L = 0.578". From

Figure 9 it is found that the total length of one thread is L tota=

1.06 L = 0.612". The perimeter of the wire is Pe = 0.91". The total

2
cross-section of an individual wire was found to be A - 0.0507 in

R-0R.075"

VZ''YJ~J/7A,~1-NOMEX
L (4

FLOW 
DIRECTION 

'

WI RE CROSS - SECTI ON
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Since Lhe elei-,t is composed of a layer of Nomex and a lDyer of D-6

coating, the average properties of the wire were found from

(pC A)Nomex + (Pc A) 5
P e p_ D-65 _ 15.6 BTU

Nav omex + AD-65 ft 3-_R

Finally, a crude correction to the calculated atagnation temperature

has been made using a T0 value 1000*R smaller than the one plotted in

Figure 20. This corrected T agrees more closely with the measured

values reported in Reference 22.

The energy equation is applied in the following form:

dT a h(T - T) + Arad IVpc • conv 0 a

X EC(Fp T 4 Fpe)(Te 4  - T 4 )(F(p-sP) r4(T T-4

where

Volume V - 2 • L t A•tot

onv. Area A - 2 • L • Pecony tot

Rad. Area Arad - 2 • L - h (projected area)

The shape factors are taken as the following (without further justi-

fication):

F =2/3
F(p-s)I 

outer surface

(p-ea) 9
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F- 1/23 inner surface

To compare better with the real stagnation temperature a crude

correction has been supplied by using a T value IO000R smaller than t.e

one shown in Figure 5.

Figure 8 shows the plots for the eight cases

T T~ 0T- 1000

lam. turbt lam. tnrb.
/a \d+ /a \d+ + /\4

rad rad rad rad rad rad + ad rad

Abbreviations: T - turbulent

L = laminar

R+ = radiation increased

The radiation terms seem to have little influence for T < 10 sec

and for the decreased stagnation temperature, where the change in the

radiation term affects T only by less than 10*R. Comparison with the

reported measurements indicates that only a more exact calculation, i.e.,

including conduction effects inside the wire, will give results in the

vicinity of the available data.
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Figure Lb. , ii d.. i for G )oodyear 3aj k-tory
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TABLE VII

Data from Flight SP.-5

Launching time 6:57:0.0

Given point: at 121,000 ft altitude Mach 5.5

Launching Data

time altitude V1  aI I M1
[T + ... [1.000 ft] [ft/sec] [ft/sec] [atm]

-3
44.28 118 5665 1038 5.458 0.02576 5.36 x 103
45.28 123.1 5585 1063 5.254 0.02775 4.05 x 103
46.28 128.2 5515 1088 5.069 0.02981 3.30 x 10-3

47.28 133.3 5461, 1112 4.910 0.03174 2.77 x i0A3

48.28 138.4 5405 1136 4.758 0.03377 2.32 x 103-

49.28 143.5 5360 1161 4.617 0.03582 1.95 x 10- 3

50.28 148.6 5320 1186 4.486 0.03791 1.67 x iO- 3
51.28 154 5275 1207 4.370 0.03991 1.39 x 10-3
52.28 159 5240 1227 4.271 0.04175 1.195x 10-3
53.28 164 5205 1238 4.204 0.04306 1.03 x 10-3
54.28 169 5170 1244 4.156 0.04404 0.89 x 10-4
55.28 173 5140 1247 4.122 0.04476 7.95 x 104
56.28 179 5110 1248 4.095 0.04534 6.75 x 104
57.28 184 5080 1248 4.073 0.04586 5.9 x 104
58.28 189 5050 1247 4.050 0.04633 5.13 x 10-4
59.28 193.9 5019 1243 4.038 0.04660 4.45 x 104
60.28 198.8 4989 1238 4.030 0.04678 3.85 x 104-
61.28 203.5 4958 1232 4.024 0.04691 3.38 x 104
62.28 208.4 4928 1222 4.033 0.04671 2.91 x 104
63.28 213.4 4897 1209 4.050 0.04633 2.50 x 104
64.28 218.1 4867 1196 4.069 0.04590 2.15 x 10_4
65.28 222.8 4836 1182 4.091 0.04542 1.87 x 10
66.28 227.4 4804 1166 4.120 0.04480 1.59 x 10 4
67.28 232.1 4773 1148 4.158 0.04400 1.34 x I10
68.28 236.8 4742 1128 4.204 0.04306 1.14 x 10-5
69.28 241.5 4712 1105 4.264 0.04188 9.55 x l0o-
70.28 246.0 4681 1077 4.346 0.04035 8.00 x 10-5
71.28 250.3 4650 1047 4.441 0.03867 6.78 x 10-5

72.28 254.6 4617 1017 4,540 0.03703 5.60 x 10-5
73.28 25S.9 4584 985 4.660 0.03518 4.55 x 10-5
74.28 263.2 4553 965 4.720 0.03431 4.70 x 10-
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'FABLE VII i

Trajectory Parameters

time M T /T 2 T2 /T 1 T 0
2[see] (R! lbf/ft. 2

44.28 0.4094 1.0335 6.734 3113.15 440.5
4-,28 0.4119 1.0339 6.307 3054.21 309.0
'L-.'38 0.4142 1.0343 5.935 3005.57 234.35
V1,28 0.4165 1.0347 5.626 2975.93 184.75
LR.28 0.4189 1.0351 5.340 2943.19 145.44
,ý9.28 0.4214 1.0355 5.083 2915.33 115.25
'0M28 0.4238 1.0359 4.851 2892.80 93.257
51.28 0.4262 1.0363 4.65] 2880.45 73.732
52.28 0.4283 1.0367 4.484 2870.14 60.594
53.28 0.4298 1.0369 4.373 2850.24 50.639

d 54.28 0.4310 1.0372 4.295 2824.26 42.782

0,4318 1.0373 4.240 2801.03 37.601
3,6.28 0.4325 1.0374 4.197 2780.73 31.517
57.28 0.4331 1.0375 4.159 2755.82 27.236
•8.28 0.4336 1.0376 4.125 2725.85 23.441
39.28 0.4340 1.0377 4.107 2701.94 20.216
A0,28 0.4342 1,0377 4.094 2675.04 17.423
bi.28 0.4343 1.0377 4.068 2636.77 15.254
62.28 0.4341 1.0377 4.099 2629.20 1.3.189
63.28 0.4336 1.0376 4.125 2609.42 11.423
b4.28 0.4331. 1 'o375 4.155 2587.79 9 9162
65.28 0.4326 - 0374 4.191 2560.75 8.7159
66.28 0.4319 1.0373 4.237 2524.28 7.5134
67.28 0.4311 1,0372 4.298 2486.00 6.1:472
68.28 0.4298 1.0370 4.373 2440.73 5.6047
09.28 0.4285 1.0367 4.472 2378.43 4.8274
7J.28 0.4267 1.0364 4.610 2313.51 4.19713
"1.28 0.4247 1.0361 4.773 2225.48 3.71i7
'/2.28 0.4228 1.0358 4.946 2148.70 3.2015
73.28 0.4206 1.0354 5.160 2062 8V 2.7380
74.28 0.4196 1.0352 5.270 1914.96 2.28
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13 ABSTRACT

The primary purpose of this report is to present analytical techniques for the pre-
diction of instantaneous parachute temperatures for any prescribed flight condition
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technique by cormparing measured parachute temp%ature histories with several pre-
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parachute is governed primarily b the large resistance to heat conduction into the
interior. The commonly used infinite trnernnl conductivity case is shown ,. ý prc-.ce
surface temperatures which fall corsiderably below the surface temperature. predicted
by more exact (comiplete) enerfry balances. For the extreme applied heat flux case
tatmotpheric entry), internal temperatures are accurately predicted by assumdng the
wall temperatuLre iiititarlaneously as.stýies a steady state, radiation equilibriiurm value

(qw =0 0) and internal conLhsction govern, Uie process. An approx:imate method is pre-
sented for the calculation of piarachutc: fabric temperatures when both the internal
and external resistances to tWai flow of heat are of importance. The results arc
copfrrUi qith flighit, tea data on JY fitdl-scU -8 paraachute.

The di,•t'catbut!ion or th:, Abs .rzct is uiniimited.
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